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Cement paste is the basic but most complex component in cement composites, which are the dominant
construction material in the world. Understanding and predicting elastic properties and fracture of hy-
drating cement paste are challenging tasks due to its complex microstructure, but important for dura-
bility assessments and life extension decisions. A recently proposed microstructure-informed site-bond
model with elastic-brittle spring bundles is developed further to predict the evolution of elastic prop-
erties and fracture behaviour of cement paste. It is based on microstructural characteristics of hydrating
cement paste obtained from X-ray computed microtomography (micro-CT) with a spatial resolution of
0.5 mm/voxel. Volume fraction and size distribution of anhydrous cement grains are used to determine
the model length scale and pore-less elasticity. Porosity and pore size distribution are used for tuning
elastic and failure properties of individual bonds. The fracture process is simulated by consecutive
removal of bonds subjected to surface energy based failure criterion. The stressestrain response and
elastic properties of hardened cement pastes with curing ages of 1, 7 and 28 days are obtained. The
simulated Young's modulus and deformation response prior to peak stress agree very well with the
experimental data. The proposed model provides an effective tool to evaluate time evolution of elastic
properties and to simulate the initiation, propagation, coalescence and localisation of micro-cracks.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Cement composites are the most popular and widely used
construction material in the world. The understanding and pre-
diction of elastic properties and fracture behaviour of such material
are of signiﬁcant technological importance and scientiﬁc interest,
as they play a crucial role in the durability assessments and life
extension decisions of reinforced concrete structures. The time
evolution of elastic properties and fracture of such material are
complicated since they strongly depend on its heterogeneous and
multiphase microstructure, which generally ranges over several
length scales from nanometres to metres and develops over time as
a result of continued hydration of the cement [1]. At meso-scale,
concrete can be considered as a three-phase composite consistingive Materials (AIM) Group,
gineering, University College
99.
hang).
r Ltd. This is an open access articleof aggregate, bulk cement matrix and interfacial transition zone
(ITZ) between them. ITZ is actually a “special” cement paste with
higher porosity and larger pores relative to the bulk cement matrix
[1,2]. Therefore, as the most complicated and basic component in
cement-based materials, the mechanical properties and fracture of
cement paste accounting for microstructure should be studied in
detail ﬁrstly.
Because of its signiﬁcance, a lot of efforts, both experimentally
and numerically, have been made to study the evolution of elastic
properties and cracks of hydrating cement paste in the past de-
cades. Among them, micromechanical modelling approaches show
a great advantage because some main microstructure information
can be taken into account. These approaches can be classiﬁed into
three general categories: analytical models, continuum-based nu-
merical models and discrete lattice models.
With respect to analytical models, Bernard et al. [3] proposed a
multistep micromechanics homogenization approach based on
effective medium approximation scheme in combination with a
kinetics model of the four main hydration reactions of ordinary
Portland cement to predict the time evolution of elastic propertiesunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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calcium-silicate-hydrate (CeSeH) matrix with large calcium hy-
droxide (CH) crystals, cement clinker inclusions and pores, which
have different mechanical properties. Based on the same proce-
dure, Constantinides and Ulm [4] estimated the effect of two types
of CeSeH, i.e., high-density CeSeH and low-density CeSeH, on the
macroscopic elastic properties of hydrating cement paste with
water-to-cement (w/c) ratio of 0.5 in a quantitative manner. San-
ahuja et al. [5] developed a similar homogenization scheme to es-
timate the evolution of effective elastic moduli of hydrating cement
paste that is modelled as a four-phase material made up of anhy-
drous cement grains, inner hydration products surrounding the
anhydrous particles, outer hydration products and pores. The
simulated Young's moduli of cement paste during hydration were
in excellent agreement with the experimental results available in
the literature. Zheng et al. [6] and Zhao and Chen [7] predicted the
elastic moduli of hardened cement paste at various curing ages
with various w/c ratios by using a simple three-step analytical
homogenization scheme. In this scheme, hardened cement paste is
modelled as n-layer composite including spherical unhydrated
cement particles, CeSeH, CH and capillary pores. Pichler and
Hellmich [8], and Pichler et al. [9] modelled cement paste as a two-
phase composite material composed of hydrate foam and spherical
cement inclusions, and used the Mori-Tanaka (M-T) [10] scheme to
determine the effective elastic moduli of cement paste, which are
considered as input to further investigate the mechanical proper-
ties of mortar. Although analytical models are able to provide
simple expressions for estimation of elastic properties of cement
paste, the proposed simpliﬁed multiphase or n-layer cement hy-
dration models need further validation prior to applications of
them.
Regarding continuum-based numerical models, ﬁnite element
method (FEM) is the most widely used one. Haecker et al. [11]
utilised a computer-based cement hydration model, CEMHYD3D
[12], to generate the 3D digital microstructure of cement paste
consisting of unhydrated cement, hydration products and pore
space, and then quantitatively predicted the elastic moduli of
cement paste as a function of degree of hydration by using three-
dimensional (3D) FEM. The required individual phase moduli
were obtained from literature. Smilauer and Bittnar [13] predicted
the elastic properties of hydrating cement paste by combining the
CEMHYD3D model, percolation theory and ﬁnite element analysis.
The size of the representative volume element (RVE) of cement
paste was found to be 50  50  50 mm. Similarly, a combination of
CEMHYD3D model and FEM was applied to estimate the evolution
of effective elastic modulus and diffusion coefﬁcient of cement
paste with w/c ratio of 0.4 during hydration [14e16]. Hain and
Wriggers [17] obtained the 3D microstructure of hardened cement
paste from X-ray computed microtomography (micro-CT) with a
spatial resolution of 1.0 mm/voxel and carried out microstructure-
based modelling of effective elastic properties of cement paste via
homogenization. A series of numerical-statistical analyses were
performed to determine the RVE size for measuring elasticity of
cement paste. Recently, Huang et al. [18] proposed a statistical
numerical homogenization procedure through FEM to study the
effective elastic properties of cement paste based on X-ray micro-
CT images with a resolution of 0.95 mm/voxel. The mean values of
the simulated elastic properties were in good agreement with the
experimental data. Although the continuum approach is capable of
predicting the mechanical properties of cement paste based on
microstructure, it is inherently incapable of dealing with fracture
process in cement paste, e.g., crack initiation, propagation and
coalescence. In addition, the spatial resolution of X-ray CT was
limited to 1.0 mm that is not high enough to obtain a realisticmicrostructure of cement paste. Therefore, X-ray CT with a higher
resolution is required.
In regard to discrete lattice models, they offer a promising
modelling strategy to investigate the mechanical properties and
explain fracture processes in cement paste because of its unique
feature of representing a material by a lattice system of beam or
spring elements [19]. Qian et al. [20] further developed and applied
the lattice beam model proposed by Schlangen and van Mier [21]
based on the simplest regular lattice with cubic cells to predict
the mechanical properties and fracture of hydrating cement paste.
The used 3D microstructures of cement pastes at different curing
ages were simulated by using a cement hydration model,
HYMOSTRUC3D [22e25]. However, the simulated stressestrain
response of cement paste under uniaxial tension seems too brittle
and remains not realistic [26]. Additionally, this lattice model is not
physically realistic in terms of shape of the represented phases in
cement paste and unable to provide a linear elastic response with
an appropriate elastic modulus and Poisson's ratio [27]. To over-
come such limitations, Jivkov and Yates [27] proposed a novel bi-
regular lattice beam model based on truncated octahedral cells,
namely, site-bond model, to study the elasticity of solids and
further successfully utilized to predict the mechanical behaviour,
and micro-crack population and damage evolution in cement-
based materials considering microstructural characteristics
[19,28]. Nevertheless, this model has a shortcoming that the rela-
tionship between the global elasticity and properties of local beam
elements cannot be analytically derived [29]. In order to improve
this aspect, Zhang and Jivkov [29] reformulated the site-bond
model by replacing beam elements with spring elements and
predicted the damage evolution in hardened cement paste.
The main purpose of this work is to further develop the pro-
posed site-bond model and apply it to simulate the elastic prop-
erties and fracture behaviour of hydrating cement paste taking into
account its microstructural information. The microstructural char-
acteristics, such as pore size distribution, porosity, and volume
fraction and size distribution of anhydrous cement grains are
derived from high-resolution X-ray micro-CT images along with a
series of image processing and analyses. The 3D microstructure of
cement paste comprised of anhydrous cement grains, hydration
products and pores is represented by an assembly of truncated
octahedral cells with sites at cell centres and bonds linking the
neighbouring cells. The simulated site-bond assembly is then
subjected to uniaxial tensile loading and stressestrain response of
cement paste is obtained. The fracture process is simulated by the
removal of failed bonds. The simulation results are compared with
the available experimental data.
2. Microstructural characterisation of cement paste
using X-ray micro-CT
2.1. X-ray micro-CT imaging
The 3D microstructure of hardened cement paste used in this
work was obtained from X-ray micro-CT scans. ASTM type I Port-
land cement was used. The w/c ratio of the cement paste specimen
was 0.5 (mass ratio). After drill mixing in a plastic beaker, small
parts of the paste were poured into the syringe and then injected
into a micro plastic tube with an internal diameter of 250 mm. The
specimen was stored in the standard curing room with a relative
humidity of 95% and temperature of 20 C and scanned at 1, 7 and
28 days. A high resolution Xradia MicroXCT-200 CT scanner at the
Beckman Institute for Advanced Science and Technology at the
University of Illinois at UrbanaeChampaign was used for acquiring
projection images with a source power of 10 W at 50 kV. The
sample was rotated on the stage from 91 to 91 at an increase of
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0.5 mm. To the best of the authors' knowledge, this resolution is by
far the highest one reported for 3D non-destructive imaging of
cement-based materials. Each projection image was averaged from
frames within an exposure time of 12 s. The image reconstruction
was performed using the algebraic method implemented in the
Xradia reconstruction software that results in a 3D stack of virtual
8-bit cross-section images with grayscale values from 0 to 255. The
reader is referred to [30] for further information on the X-ray
micro-CT testing.
A cylindrical region of interest (ROI) with 200 mm in diameter
and 100 mm (200 slices) in thickness was extracted from the centre
of the reconstructed 3D images where the cement paste is
considered to be the most homogeneous. Fig. 1 shows the micro-CT
grey images of ROI of cement paste with curing ages of 1, 7 and 28
days, respectively. The dark phase stands for capillary pores. The
white phase corresponds to anhydrous cement grains (unhydrated
cement particles). The grey phases most probably represent hy-
dration products. The hydration of cement proceeds with
increasing curing age, as a result of which cement (i.e. white phase)
and water (i.e. dark phase) are continuously consumed and an
increasing number of hydration products (i.e. grey phase) appear in
cement paste. In order to identify these three phases in cement
phase and quantify their content, a series of image processing and
analysis are required, which are described in detail in the following
section.2.2. Microstructural characterisation
As discussed in Ref. [30], many approaches have been proposed
and developed for image segmentation. Here the global thresh-
olding method is applied and implemented by using ImageJ, a
public domain Java-based image processing program (NationalFig. 1. Micro-CT images of hydrating cement pastes with 200 mm in diameter and 100 mm
represent capillary pore, anhydrous cement grain and hydration product, respectively.
Fig. 2. Different phases in cement paste at 7 days of curiInstitutes of Health, USA). Based on the grey-level histogram two
threshold grey values are deﬁned to segment pores from anhydrous
cement grains and hydration products, and subsequently segment
anhydrous cement grains from hydration products. Fig. 2 illustrates
the identiﬁed capillary pores and anhydrous cement grains in
cement paste at curing age of 7 days, which is shown in Fig. 1b. As a
result, the original grey scale image is converted into a ternary
image consisting of pore, anhydrous cement grain and hydration
product. With this ternary image, the microstructural characteris-
tics, such as porosity, grain density of anhydrous cement, size dis-
tributions of pore and anhydrous cement grain of ROI can be gained
in a quantitative manner after a series of image analysis. More
details about the image processing and analysis can be found in a
previous work [29] and [31].
The porosity and volume fraction of anhydrous cement grains of
cement paste at 1, 7 and 28 days are found to be 25.69% and 22.34%,
18.71% and 15.67%, and 12.58% and 8.65%, respectively. Besides pore
and anhydrous cement, the other volume is occupied by hydration
products. It should be mentioned that the individual phase with
size less than 0.5 mm cannot be identiﬁed separately due to the
limited spatial resolution. As curing age increases, both porosity
and volume fraction of anhydrous cement grain of cement paste
decreases, while the volume fraction of hydration product in-
creases. Fig. 3 shows the obtained porosity for each 2D image of
cement paste along Z-direction from top to bottom (200 slices,
100 mm). It indicates that 28-day old cement paste has less ﬂuc-
tuation in porosity along the thickness of sample compared to
cement paste at 1 and 7 days.
Assuming spherical shapes for pore and particle, the experi-
mental size (i.e. equivalent radius) distributions of pore and
unhydrated cement particle are determined by summarising the
volume of each separate cluster in ternary image of cement paste.
Fig. 4 shows the obtained pore and unhydrated cement particle sizewith curing ages of (a) 1 day; (b) 7 days; (c) 28 days. The dark, white and grey phases
ng: (a) capillary pores; (b) anhydrous cement grains.
Fig. 3. Porosity obtained for each 2D image of cement paste along Z-direction.
Fig. 4. Size distributions of pore and unhydrated cement particle of cement paste with
various curing ages: (a) pore size distribution; (b) particle size distribution of unhy-
drated cement.
Fig. 5. Pore size distribution of cement paste at 28 days of curing.
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It is obvious that both pore size and particle size of unhydrated
cement are reduced with increasing curing age due to the progress
of cement hydration. In addition, cement paste at 1 day contains
more big pores and unhydrated cement particles compared to 7-
and 28-day old cement pastes. In order to further illustrate the pore
size distribution of cement paste, the histogram of pore size dis-
tribution of cement paste at 28 days of curing with cumulative
probability distribution for pores with radii less than 5 mm is
depicted in Fig. 5. It can be seen clearly that most of pores in the
sample are small pores. Pores with radii less than 5 mm occupy 95%
probability and the remaining 5% probability is left for pores with
radii larger than 5 mm.3. Micromechanical modelling
Herein, a microstructure-informed site-bond model is proposed
and developed for micromechanical modelling by incorporating
the obtained experimental microstructural characteristics of
cement paste into basic site-bond model for elasticity. The theo-
retical background of site-bond model, and modelling and simu-
lation procedure are described in detail below.
3.1. Basic site-bond model
In the basic site-bond model, a material volume is represented
by an assembly of truncated octahedral cells, each of which consists
of six square and eight regular hexagonal faces, as shown Fig. 6a.
The truncated octahedron is considered to be the better choice for a
regular representation of the microstructure compared to other
regular cell shape, such as cube, regular hexagonal prism and
rhombic dodecahedron, the number of cell faces of which are 6, 8
and 12, respectively. The cell centre is regarded as a site linking to
its neighbouring sites by fourteen bonds. These bonds are classiﬁed
into two groups: B1 includes six bonds in principal directions
(normal to the square faces) and B2 consists of eight bonds in
octahedral direction (normal to the hexagonal faces) as illustrated
in Fig. 6b. The bonds are modelled with a bundle of elastic-brittle
normal and shear springs to represent the relative deformations
between adjacent cells, as plotted in Fig. 6c. By assuming shear
springs have identical stiffness coefﬁcients, four spring constants
can be derived as follows based on the equivalence of the strain
energy density of the discrete cell to the continuum system [32]:
kpn ¼
ð3 4vÞEL
8ð1þ vÞð1 2vÞ; k
o
n ¼
ð1þ 8vÞEL
8ð1þ vÞð1 2vÞ; k
p
s ¼ kos
¼ ð1 4vÞEL
8ð1þ vÞð1 2vÞ (1)
where kpn and k
p
s denote the stiffness coefﬁcients of normal and
shear springs in principal direction, kon and k
o
s represent the stiffness
coefﬁcients of normal and shear springs in octahedral direction, E
and n are Young's modulus and Poisson's ratio of the material
respectively, L is the spacing between two adjacent sites in prin-
cipal directions.
The analytically derived spring stiffness coefﬁcients were vali-
dated by benchmark simulations including uniaxial tension and
plane-strain tension in previous work [32]. It was shown that the
simulated overall mechanical constants, such as elastic modulus,
Poisson's ratio and shear modulus are in good agreement with the
theoretical values. In addition, the proposed lattice is able to
Fig. 6. Cellular lattice structure: (a) site-bond assembly; (b) unit cell with bonds; (c) normal and shear springs.
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range from 1 to 1/2, which covers all engineering materials.3.2. Microstructure-informed site-bond model
The microstructure-informed site-bondmodel is constructed by
incorporating the microstructural characteristics of cement paste
into the basic site-bond model based on a random allocation of
features, pores and anhydrous cement grains, with sizes belonging
to the experimentally measured distributions. Firstly, anhydrous
cement grains of different sizes are randomly distributed to all sites
of the cellular structure according to the experimental particle size
distribution plotted in Fig. 4. A generator of uniformly distributed
random numbers 0  r<1 is used to assign grains with different
sizes to individual sites. For each site, a random number r is
generated and the assigned grain size is Ri ¼ F1ðrÞ, where F(Ri) is
the cumulative probability of grain sizes shown in Fig 5. As a result,
each cell has one spherical anhydrous cement grain with size Ri.
Secondly, the cell size, L, is calculated from the volume fraction of
anhydrous cement grains, fa, and the volume of the cellular
structure with N cells via faNL
3
2 ¼
P
i
4pR3i
3 . Lastly, pores are assigned
randomly to the bonds using the same method described above.
The assignment continues until the prescribed porosity in the
modelled material volume is reached. Fig. 7 illustrates a compari-
son of the simulated and experimental pore and anhydrous cement
size distributions for cement paste at 28 days of curing. This in-
dicates that the simulated size distributions of pore and unhydrated
cement particles ﬁt the measured size distributions obtained from
X-ray micro-CT very well. The remaining volume representsFig. 7. Comparison of the simulated and experimental size distributions of pore and
unhydrated cement particle of cement paste at 28 days of curing.hydration product. Thus, the microstructure-informed site-bond
model made up of pore, anhydrous cement grain and hydration
product is established to incorporate the microstructure of cement
paste into the basic site-bond model.
As introduced in Section 3.1, the stiffness coefﬁcients of normal
and shear springs in each bond are functions of macroscopic me-
chanical constants (Young's modulus E and Poisson's ratio n) of the
represented homogeneous solid and cell size L. Since the
microstructure-informed site-bond model has multiphase and
porous features, it is necessary to homogenize the elastic properties
of anhydrous cement grain and hydration product in the modelled
cellular structure and to take into account pore effect. For this
purpose, the effective Young's modulus Eeff and Poisson's ratio neff of
a composite of anhydrous cement grain and hydration product, and
effective cell size Leff are deﬁned and used instead of E, n, and L to
calculate stiffness coefﬁcients of springs according to Eq. (1).
Taking 28-day old cement paste for example, its porosity and
volume fraction of anhydrous cement grains are 12.58% and 8.65%,
respectively, as presented in Section 2. The remaining 78.77% is
hydration product. For a composite of anhydrous cement grain and
hydration product, anhydrous cement grain only occupies 9.9% of
the volume. For this case, the Mori-Tanaka (M-T) method is
appropriate for deriving effective elastic properties of the com-
posite, since it has been shown to provide good estimates of the
effective moduli of a two-phase composite, particularly when the
volume fraction of the inclusion (herein, it is anhydrous cement
grain) is low and the shape of the inclusion is spherical [10]. The M-
T method is expressed by the following equations:
Keff ¼ Kh þ
faðKa þ KhÞð3Kh þ 4GhÞ
3Kh þ 4Gh þ 3ð1 faÞðKa  KhÞ
(2)
Geff ¼ Gh þ
5faGhðGa  GhÞð3Kh þ 4GhÞ
5Ghð3Kh þ 4GhÞ þ 6ð1 faÞðGa  GhÞðKh þ 2GhÞ
(3)
Eeff ¼
9Keff Geff
3Keff þ Geff
; veff ¼
3Keff  2Geff
2

3Keff þ Geff
 (4)
where Keff and Geff represent the effective bulk and shear moduli of
the composite of anhydrous cement grain and hydration product,
fa denotes the volume fraction of anhydrous cement of the com-
posite, Ka, Kh, Ga and Gh are the bulk and shear moduli of anhydrous
cement and hydration products, respectively.
The presence of a pore in a bond affects both the elastic con-
stants and the failure propensity of the bond. The pore modiﬁes the
bond length to an effective value, Leff, which can be calculated from
the effective volume of the polyhedron between two neighbouring
Fig. 8. Schematic illustration of microstructure-informed site-bond model with
anhydrous cement grains at sites and pores on surfaces.
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pore Vp, as shown in Fig. 8. Due to the different shape of poly-
hedrons in principal and octahedral directions, their volumes are
different: Vp,0¼ L3/24 for the polyhedron in principal direction, and
Vo,0 ¼ 3L3/32 for the polyhedron in octahedral direction. Thus, the
corresponding effective cell sizes can be written as follows
Lp;eff ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
24

Vp;0  Vp

3
q
; Lo;eff ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
32

Vo;0  Vp

33
q
(5)
The spring constants of each bond, accounting for the pore
associated with it, are calculated by substituting Eqs. (4) and (5)
into Eq. (1) to replace E, n and L with Eeff, neff and Leff.
3.3. Failure criterion
For microstructure-informed site-bond model, the spring
elastic-brittle behaviour is represented by linear elastic and linear
softening branches separated by a damage initiation point. The
elasticity is dictated by Eq. (1) for given macroscopic elastic prop-
erties and microstructure-related length scale. The softeningFig. 9. Constitutive law and failure criteria for microstructure-infbranch approximates the local post-initiation resistance of the
matrix to failure. The area under the softening branch represents
the additional energy required to separate two cells along their
common interface, from the initiation of damage to ﬁnal failure.
The constitutive models for normal and shear springs are illus-
trated in Fig. 9, where ut,max and us,max are the deformation of the
normal and shear springs at damage initiation with corresponding
maximum normal Ft,max and shear forces Fs,max; wt,max and ws,max
represent the deformation of the normal and shear springs at
failure (set to 2ut,max and 2us,max, respectively); Kn ¼ Ft;max=Ut;max is
the stiffness coefﬁcient of the normal spring and Ks ¼ Fs;max=Us;max
is the stiffness coefﬁcient of the shear spring. For normal springs,
failure in compression is not allowed, which is achieved by setting
the critical compressive deformation as uc;max ¼ 10ut;max and the
maximum compressive force as Fc;max ¼ 10Ft;max.
In this study, the energy-based failure criterion is applied. The
shaded area in Fig. 9 represents the critical local failure energy, Gf, of
a bond. This is calculated via Gf ¼ 2gAe, where g a prescribed sur-
face energy (material parameter), and Ae is the effective face, i.e. the
original face area A0 less the cross-section area of the pores assigned
to the face, Ap. Due to the existence of pores with different sizes on
bonds (faces), the critical failure energies of bonds vary from the
maximum failure energy 2gA0 for bonds with no pores to zero for
pore area close to the intact area of the face, e.g. square face or
hexagonal face. If the pore area in a bond is equal to or larger than
the corresponding face area, this bond is removed before loading.3.4. Modelling and simulation
In this work, a material volume of size 20L  20L  20L is used.
The corresponding cellular structure is made up of 17,261 cells; the
site-bond model has the same number of sites and 113,260 bonds.
The size of unit cell L can be determined based on the obtained
microstructural information of cement paste from X-ray micro-CT
following the procedure described in Section 3.2. As such, the
experimental microstructure of cement paste is mapped to and
represented by the microstructure-informed site-bond model.
Table 1 shows the used elastic constants and surface energies of
different phases in cement paste. Herein, it should be pointed out
that the hydration product in Table 1 is considered as a composite of
CeSeH and CH. The volume fractions of these two phases in hy-
dration product would change with time. However, CeSeH and CH
are difﬁcult to be detected and identiﬁed with each other by using
X-ray micro-CT due to the similarity in density. Therefore, the
mechanical properties of hydration product are assumed constant
for simplicity in this work. Uniaxial tension is considered. The loadsormed site-bond model: (a) normal spring; (b) shear spring.
Table 1
Elastic constants and surface energy of different phases (Zhang and Jivkov, 2014).
Phase E (GPa) v K (GPa) G (GPa) g(mJ/m2)
Anhydrous cement grain 139.9 0.30 116.7 53.8 e
Hydration product 29.2 0.24 18.7 11.8 50
Pore 0 0 0 0 e
Fig. 10. Uniaxial tensile test on the microstructure-informed site-bond model for
cement paste at 28 days of curing.
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top surface of the lattice system. The bottom surface is ﬁxed and the
other four surfaces are free. A schematic illustration of uniaxial
tensile test on the microstructure-informed site-bond model for
cement paste at 28 days of curing is given in Fig. 10. The bonds are
presented in different colours (in web versaion) with dark red
representing bondswith larger pores and blue denoting bonds with
smaller pores. It can be seen that the spatial distribution of pore
size is random. Most of larger pores are located around the centre
between the top and bottom surfaces.
At each load step, the forces and deformations are obtained and
the bond energies are calculated. The bond fails when its energy
reaches the assigned critical failure energy, mimicking the creation
of amicro-crack along the interface between the two cells joined by
the bond. Upon failure the bond is removed from the site-bond
assembly. The simulation is continued until the assembly is dis-
integrated or a prescribed strain is reached. Thus, the fractureFig. 11. Stressestrain response of cement pastes with various curing ages under uni-
axial tension.process can be obtained by the generation and evolution of micro-
crack population under loading step by step.
4. Results and discussion
4.1. Elastic properties
Fig. 11 shows the simulated stressestrain response for cement
pastes at 1, 7 and 28 days under uniaxial tension. It can be seen that
the initial elastic part is perfectly linear, as represented by black
dashed lines. Beyond the linear response, “graceful” quasi-brittle
non-linearity prior to the peak stress is observed. The last point
of the stressestrain curve corresponds to ﬁnal failure. Compared to
7- and 28-day old cement pastes, cement paste with curing age of 1
day appears to be muchmore brittle, which can be attributed to the
higher porosity and larger pore size at 1 day than those at 7 and 28
days, as shown in Figs. 3 and 4. Additionally, for 28-day old cement
paste, an obvious softening branch can be found before the ﬁnal
failure.
From this curve, several important macroscopic parameters,
such as elastic modulus, tensile strength, strain at failure point and
fracture energy of cement paste, can be acquired. These parameters
play crucial roles in the prediction of mechanical behaviours and
fracture process of cement-based materials at meso-level, i.e.
mortar and concrete (see e.g. Ref. [33]). The global elastic modulus
corresponds to the slope of the stressestrain curve at the linear
elastic stage. The tensile stress and strain at failure point are
considered to be the tensile strength and peak strain, respectively.
Fig. 12 shows the time evolution of Young's modulus and tensile
strength of cement paste. As expected, there is an increase in both
Young's modulus and tensile strength with curing, which is a result
of the continued cement hydration reaction and microstructure
development of cement paste during curing. For the purpose of
validation, the available experimental data taken from Refs.
[4,5,11,16,34,35] are plotted together in Fig. 12. It should be
mentioned that the w/c ratio of cement paste specimens in their
experiments was 0.5, which is the same as that used in this work. It
can be seen that the simulated Young's moduli show a good
agreement with the experimental data, in particular for the cement
paste specimens with curing age of 1 and 28 days. In addition, there
exists an obvious variation of the measured Young's moduli of
cement paste at 28 days by different researchers, which can be
mainly attributed to the different types of cement used in their
experiments. In Refs. [4,34], the used cement was ordinary Type I
Portland cement, which is the same as that studied in the simula-
tion. However, in Ref. [11] the used cement was ASTM D cement,Fig. 12. Evolution of elastic modulus and tensile strength of hardened cement paste:
experimental data taken from Refs. [4,5,11,16,34,35].
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of Type I cement. As can be seen from Fig. 12, there is an obvious
increase in tensile strength of cement paste with increasing curing
age from 1 day to 7 days, followed by a gradual increase as curing
age changes from 7 days to 28 days. Moreover, the strain at failure
point increases with increasing curing age as a result of an obvious
decrease in both porosity and pore size of hardened cement paste.
The fracture energy that is an essential input to continuum-
based fracture models, e.g. cohesive zone model, can be calcu-
lated as the area under the stressedisplacement curve that is
converted from the stressestrain response shown in Fig. 11. It de-
notes all energy lost in distributed micro-cracking up to eventual
rupture divided by the cross-section area of cement paste spec-
imen. Further insight into this process can be obtained from the
development of fracture process as described below.
4.2. Fracture processes
Fig. 13 shows the fracture processes in 28-day old cement paste
under uniaxial tension (see Fig. 10) at loading steps of 1, 1000, 3300
and 4850 corresponding to stressestrain curve in Fig. 11. As can be
seen from Fig. 13a, several micro-cracks initiate around the middle
of the specimen after loading. These form by failure of bonds with
large pores; compare with Fig. 10. Thus micro-crack initiation is
triggered ﬁrstly by large pores in this region resulting in low criticalFig. 13. Fracture process in 28-day old cement paste under uniaxial tension corresponding tfailure energies of these bonds. Bond failures progresswith the load
increase, Fig.13b, but themicro-crack population remains relatively
discrete: isolated failures, no observable localisation. Comparison
with Fig. 11 suggests that isolated failures have a negligible
contribution to the nonlinear stressestrain response. With further
increase in loading, new micro-cracks are gradually generated,
Fig. 13c and d. This is accompanied now by propagation and coa-
lescence of existing micro-cracks forming clusters of free surfaces.
The formation of larger free surfaces results in the clear non-
linearity observable in Fig. 11. The peak in the stressestrain curve
is reached via an avalanche-type failure, typical for tensile
response, causing the separation of the whole structure into a
collection of disjoint regions.5. Conclusions
This work presents a micromechanical modelling of mechanical
properties and fracture of hydrating cement paste based on pro-
posed microstructure-informed site-bond method. The micro-
structure information of cement pastes at different curing ages
obtained from high resolution X-ray micro-CT is incorporated into
the site-bond assembly. The deformation and failure properties of
the bonds are determined frommicrostructure-dictated length and
energy parameters. The micro-crack evolution is simulated byo the stressestrain curve in Fig. 11: (a) step1; (b) step1000; (c) step3300; (d) step4850.
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following conclusions can be drawn:
e Both porosity and pore size of cement paste decrease with
increasing curing time. For cement paste with w/c ratio of 0.5,
there is clear decrease in porosity from 25.69% to 12.58%, as age
of cement paste increases from 1 day to 28 days. Meanwhile,
particle size and volume fraction of anhydrous cement decrease
as well.
e The microstructural evolution of cement paste due to cement
hydration results in the development of mechanical properties
(elasticmodulus and tensile strength) of hardening cement paste.
e The simulated elastic properties of hydrating cement paste are
in very good agreement with existing experimental data.
Notably, the proposed site-bond models involve only data for
sizes and interrelations of cement constituents without further
empiricism.
e Micro-cracking initiates at pre-existing defects, e.g. large pores.
As far as the micro-cracks remain isolated, i.e. in a discrete
population, their effect on longer-scale behaviour is negligible
and might be undetected by macroscopic experiment.
e Propagation and coalescence of micro-cracks, forming larger
internal free surfaces, causes the observable non-linear
response prior to peak load. The ﬁnal specimen disintegration
appears as avalanche-type failure at peak load.
The damage evolution under more complex loadings, e.g.
triaxial and bending, is of larger practical relevance and will be the
focus of future works, following the methodology presented in Ref.
[28]. Additionally, the obtained fracture energy of cement paste in
this work will be used as input for modelling of mechanical prop-
erties and fracture behaviour of cement mortar and concrete at
meso-level based on a two-scale approach, which is a subject of
ongoing work and will be presented in a future publication.
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